The diagnostic and control of the magnetically confined burning plasmas (BP) pose significant challenges due to the extreme nuclear radiation field, plasma contamination of the front end optics, very long pulse, and difficult instrument maintenance. These challenges already impact the design of ITER diagnostics and will become much more stringent in an energy producing fusion reactor. 1, 2 X-ray imaging using an energy cutoff filter and linear detector arrays operated in current-mode has been long used in tokamaks for fast measurements of core MHD activity. The attractiveness of x-ray imaging for BP diagnostic and control comes from its simplicity and robustness (no front end optics) and from the fact that x rays in the ∼1-100 keV range are the main emission of the burning plasma. For instance, ITER will emit several tens of MW of x rays. In recognition of this, a radial x-ray camera consisting of ex-vessel and in-vessel detector arrays is under development for ITER. 3 A variant of the filtered detector method we studied at the National Spherical Torus Experiment (NSTX) is the multienergy x-ray imaging technique (ME-XR). This consists simply in imaging the same plasma volume using three or more detector arrays in current-mode, filtered for increasing cutoff energy. [4] [5] [6] [7] [8] Our results indicate that the use of three or more energy ranges confers new capabilities compared to the more traditional dual-energy or "two-color" method, such as discriminating the contribution of line and continuum emission and separating the spectral contribution of different impurity charge states. This, in turn, enables more accurate measurements of the electron temperature profile T e (r, t) and, with detailed emission modeling, of the impurity content and transport. 6, 7 Nevertheless, the traditional dual-energy method also proved useful at NSTX. In addition, we found that by periodically referencing or normalizing the continuous ME-XR T e measurement to that obtained with the intermittent Thomson scattering diagnostic, the ME-XR diagnostic can "fill-in" between the Thomson points with the high spatial and temporal resolution characteristics of x-ray imaging. 7 This is illustrated in Fig. 1 with the T e evolution measured by an "optical" three-energy array during RF heating in NSTX. As seen, the ME-XR measurement captures the brief T e peaking at ∼0.25 s, which is missed by the Thomson scattering. In the BP this technique may enable increasing the interval between Thomson measurements and thus increasing the lifetime of the first mirrors and shutters. The lifetime of the front end optics is a major challenge for ITER diagnostics. 1 Our results also suggest that the ME-XR technique could be used for non-magnetic feedback control of the burning plasma. For instance, we found that using simple intensity ratios of the raw line-of-sight ME-XR data one can distinguish "hot" from "cold" or "clean" from "dirty" plasmas. This is illustrated in Fig. 2 (a) with a plot of the line-of-sight "x-ray temperature" in the NSTX edge (r/a ∼ 0.9), defined as T XR ≡ −(E H − E L ) ln(I H /I L ), with I L and I H being raw signals measured with "low E" and "high E" cutoff energies E L ∼ 0.5 keV and E H ∼ 1.5 keV, respectively. As seen, this quantity is a sensitive indicator of the periodic formation and crashing of the H-mode pedestal during Type-I ELMs, suggesting the possibility of using it to trigger an active ELM mitigation system. An x-ray "pressure" P XR ≡ I L T XR can be also defined, since I L depends mostly on the electron and impurity density and less on T e . This quantity was found to be a sensitive indicator of the L-H transition, as illustrated in Fig. 2(b) . Sensitive detection of the L-H transition is important for ITER, where the L-H power threshold is not accurately known. The robustness and accuracy of such x-ray sensing techniques can be improved using neural network techniques. Si or gas detectors. 9 The advantages of the filtered detector method are, however, higher speed and larger signals; the latter makes possible placing the readout electronics far from the detectors, which can be critical in the BP. Our paper evaluates the BP potential of two types of x-ray techniques: measurement techniques suited for plasma diagnostic in an ITER-BP and control techniques suited for plasma control in a long pulse BP such as DEMO.
II. APPLICATION TO THE BURNING PLASMA
A possible filtering scheme for multi-energy imaging in the BP is shown in Fig. 3 , which plots computed x-ray spectra for three electron temperatures, assuming impurity densities typical of the ITER inductive burn scenario. Also indicated are the spectral regions of intense emission from high-Z impurities expected in ITER. As seen, dual-energy imaging with filters having E L ∼ 2 keV and E H ∼ 9 keV could enable the x-ray T e diagnostic over a broad temperature range, as well as separating the high-Z from the lower-Z impurity emission. In addition, the two filters enable discriminating between the Kr L-shell and K-shell emission, which would make possible edge and core impurity transport measurements using Kr injection, similar to those we demonstrated using L-and Kshell Ne emission at low T e . 6 The addition of a "bolometric" or energy integrated measurement of the plasma emission using an array without filter would further increase the capability of the diagnostic by providing a reference for the higher energy measurements. We found this useful, for instance, in impurity transport measurements, where the bolometric pro- 3 . Computed x-ray spectra for plasma with 10 14 cm −3 electron density and T e = 3, 9, and 18 keV, assuming ITER-like impurity content. Also shown the regions of bright W, Mo, and Kr emission and the transmission of possible "low E" and "high E" filters.
file constrains the impurity source in the modeling of the high energy profiles. 6 To enable these measurements in the BP, x-ray detectors must be found that can resist the harsh reactor conditions and that have also high efficiency over a broad energy range (from ∼1 keV to tens of keV). We note, for instance, that the dualenergy x-ray measurements at JET were hampered by the lack of efficient "high E" detectors. 10 The challenge to x-ray detectors in the BP is twofold: first, the intense n/γ irradiation can damage the detectors and second, the line-of-sight and the scattered nuclear radiation can produce a large background signal. 11 The radiation damage excludes the use of conventional Si photodiodes during D-T operation and may limit it also during high performance D-D operation. In addition, due to the low Si absorption cross section it is difficult to produce efficient photodiodes for tens of keV x rays.
A better suited detector for multi-energy x-ray imaging in the BP could be the "optical array" we developed at NSTX. 4 This consists of a thin layer of high-Z scintillator or phosphor deposited on a sealed MCP image intensifier, followed by an efficient and fast image readout system. The multi-energy arrays share the active area of the intensifier as sketched in the inset in Fig. 1 . The high optical gain of image intensifier (∼10 4 ) serves to boost the light signal from the scintillator before transport and readout, so that parasitic signals such as n/γ induced luminescence in optic fibers, or losses in the optical coupling have a much reduced impact.
We tested two types of image transport and readout systems: high numerical aperture optical fibers followed by high efficiency and fast photodiode arrays, and light collection with an efficient relay lens system followed by a fast CMOS camera for readout. Soft x-ray signals (E > 0.5 keV) obtained with these two designs in D-D H-mode NSTX plasmas heated by 6 MW neutral beams are shown in Fig. 4 . The scintillator was a 30 μm thick columnar CsI(Tl) layer and the arrays were operated without any shielding in close proximity (0.7 m) to the NSTX plasma, subjected to an estimated n/γ background flux of ∼10 9 cm −2 s −1 . As seen, both designs enabled high SNR measurements of the plasma x-ray emission with ≥1 cm spatial resolution and several kHz frame rate. In addition, the data shows little noise despite the quite large n/γ background; for comparison, the soft x-ray flux on the scintillator was ∼10 9 -10 10 cm −2 s −1 . The above results suggest that the optical array could offer a solution for ME-XR measurements in the BP. Taking first as an example conditions similar to the ITER ex-vessel cameras, the line-of-sight and scattered n/γ flux at the detector location would be 10 7 -10 8 cm −2 s −1 for D-T operation, leading to a total fluence of 10 14 −10 15 cm −2 for the planned ITER lifetime. 3 The flux of plasma x rays with several keV mean energy is of the order of 10 9 -10 10 cm −2 s −1 at the detector location. 3 As scintillator for an ex-vessel optical array one could thus use columnar CsI(Tl). For instance, our calculations show that a 100 μm thick layer would absorb over 40% of x rays with up to 50 KeV energy, while absorbing only 0.04% of 1 MeV γ s.
In addition, recent measurements suggest that thin CsI(Tl) layers are very insensitive to a background of fast neutrons; the insensitivity to fast neutrons is attributed to the absence of low-Z elements in this scintillator. CsI(Tl) is thus the scintillator of choice for the ITER neutral particle analyzer. 12 The CsI(Tl) radiation resistance is also high, with a threshold for damage by 1.3 MeV γ s measured at ∼5 × 10 5 Gy. 13 For comparison the γ dose in a 100 μm thick CsI scintillator used in an ex-vessel camera would be several hundred Gy for the ITER lifetime. Radiation resistance tests with fast neutrons indicate no damage at a fluence of 2 × 10 14 cm −2 . 14 Combining the above numbers with the estimated xray flux at the detector indicates that the n/γ contribution to the CsI(Tl) scintillator signal would be around a fraction of percent for an ex-vessel optical array on ITER, likely surpassing the performance possible with Si photodiodes.
For an in-vessel optical array the n/γ background would increase by 2-3 orders of magnitude. 3 Assuming that the radiation damage limit allows, it might still be possible to use a very thin CsI(Tl) layer for detection of lower energy x-ray emission from the plasma periphery. For instance, a 10 μm layer would absorb only 0.004% of 1 MeV γ s while still absorbing >40% of x rays with E ≤ 10 keV. The neutron induced radioactivity of Cs 134 can be estimated to not constitute a problem. Conversely, radiation hard phosphors, such as those studied for fast ion loss detection in ITER, can be an alternate option. 15 As concerns the compatibility of MCP intensifiers with the BP environment, multi-channel photomultipliers for use in the ITER gamma camera have been recently demonstrated to work at fields up to 1.75 T. 16 Radiation resistant and magnetic field insensitive MCP intensifiers are also being used in high energy and inertial confinement research. The optical array can also be designed to have the intensifier aligned with the magnetic field.
With regard to optical signal readout, radiation hardened fiber optics developed for ITER have been demonstrated to withstand up to ∼20 MGy of γ radiation and 10 18 cm −2 fast neutron irradiation, suggesting they could be used even for in-vessel optical arrays. 17 Light collection and transport with reflective relay optics may be another option. Multiple optical surfaces would be needed for sufficient neutron flux reduction when using visible cameras for readout. As concerns fiber luminescence, fission reactor irradiation tests indicate it occurs mainly at blue wavelengths, giving the possibility to block it by spectral filtering. 18 Similar to most BP diagnostics the x-ray arrays and sensors will need to be actively cooled during long pulse operation and bakeout, using, for instance, in-vessel water cooling lines as in ITER.
Last but not least, we advance that new possibilities would open for real-time x-ray sensing in the BP if the traditional detector design using arrays of discrete pixels is replaced by continuous detector designs such as the "bi-cell" sensors used for industrial light sensing. This design is discussed in Ref. 19 for dual-energy detection of the T e pedestal position, using the x-ray shadow cast by the plasma edge. The position of the edge is obtained from the ratio between the difference and sum of the cell signals and is essentially independent of the width of the pedestal. Another important application of this design could be dual-energy detection of the plasma centroid. Radiation hard x-ray bi-cell sensors could be implemented, for instance, using the bolometric detectors developed for ITER, filtered with x-ray absorbers. Besides simplicity, an advantage of these sensors would be much larger signals (mA range) than possible with arrays of discrete detectors. The increased noise immunity, in turn, would allow in-vessel placement close to the burning plasma.
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